The SUC2 gene of Saccharomyces cerevisiae encodes two differently regulated mRNAs (1.8 and 1.9 kilobases) that differ at their 5' ends. The larger RNA encodes a secreted, glycosylated form of invertase and the smaller RNA encodes an intracellular, nonglycosylated form. We have determined the nucleotide sequence of the amino-terminal coding region of the SUC2 gene and its upstream flanking region and have mapped the 5' ends of the SUC2 mRNAs relative to the DNA sequence. The 1.9-kilobase RNA contains a signal peptide coding sequence and presumably encodes a precursor to secreted invertase. The 1.8-kilobase RNA does not include the complete coding sequence for the signal peptide. The nucleotide sequence data prove that SUC2 is a structural gene for invertase, and translation of the coding information provides the complete amino acid sequence of an S. cerevisiae signal peptide.
The SUC2 gene of Saccharomyces cerevisiae encodes two differently regulated mRNAs (1.8 and 1.9 kilobases) that differ at their 5' ends. The larger RNA encodes a secreted, glycosylated form of invertase and the smaller RNA encodes an intracellular, nonglycosylated form. We have determined the nucleotide sequence of the amino-terminal coding region of the SUC2 gene and its upstream flanking region and have mapped the 5' ends of the SUC2 mRNAs relative to the DNA sequence. The 1.9-kilobase RNA contains a signal peptide coding sequence and presumably encodes a precursor to secreted invertase. The 1.8-kilobase RNA does not include the complete coding sequence for the signal peptide. The nucleotide sequence data prove that SUC2 is a structural gene for invertase, and translation of the coding information provides the complete amino acid sequence of an S. cerevisiae signal peptide.
Saccharomyces cerevisiae cells carrying a SUC+ gene produce two forms of the sucrosehydrolyzing enzyme invertase: a secreted, glycosylated form and an intracellular, nonglycosylated form. Synthesis of the secreted invertase is regulated by glucose repression. The intracellular invertase is synthesized at low levels constitutively. A variety of evidence has suggested that each of the SUC genes, a family including SUCI-SUC5 and SUC7 (5, 19) , is a structural gene for both forms of invertase (6, 12, 13, 21, 24) . We have previously reported cloning the SUC2 gene by complementation of a suc2 mutation in S. cerevisiae (4) . We used the cloned DNA to investigate the synthesis of two forms of invertase from one gene. Two mRNA products of the SUC2 gene were identified: a 1.9-kilobase (kb) RNA and a 1.8-kb RNA. The steady-state level of the 1.9-kb RNA is regulated by glucose repression and that of the 1.8-kb RNA is not regulated. Studies of wild-type cells and snfl mutant cells, which are defective in derepression of secreted invertase, showed that both RNAs are present in cells synthesizing both forms of invertase and that only the 1.8-kb RNA is present in cells synthesizing only intracellular invertase (4) . The two RNAs were shown by S1 mapping to differ at their 5' ends. No intervening sequences were detected in either RNA, although the data could not exclude a small exon very close to an end. We proposed that the larger RNA includes the initiation codon for a signal peptide constituting the amino-terminal end of a precursor to secreted invertase and that the smaller RNA does not include the complete coding sequence for the signal peptide. Translation of the smaller RNA would begin at a methionine downstream from the signal peptide initiator methionine and lead to synthesis of an intracellular enzyme.
In related studies, Perlman and Halvorson (21) found that in vitro translation of mRNA from a SUC2 strain generates three invertase polypeptides, two of which can be processed and "secreted" by dog pancreas membranes. Partial amino acid sequences of the amino termini of these in vitro translation products suggested the presence of a signal peptide on the major polypeptide secreted by dog pancreas membranes (22) . These authors proposed that the three polypeptides they observed are encoded by three distinct mRNAs (21) , and that the mRNA for the major secreted polypeptide contains an exon encoding the signal sequence and the mRNA for cytoplasmic invertase lacks this exon (22) .
To test our model for the synthesis of two forms of invertase, we determined the nucleotide sequence of the amino-terminal coding region of the SUC2 structural gene and its upstream flanking sequence. We mapped the 5' ends of the SUC2 mRNAs by the methods of primer extension with reverse transcriptase (3) and S1 nuclease protection (2, 28) . The results substantiate our model. In addition, we showed that RNA splicing is not involved in glucose regulation of the stable levels of the 1.9-kb RNA, and we proved definitively that SUC2 is a structural gene for invertase.
MATERIALS AND METHODS DNA preparadon, labeling, and sequendng. Plasmid DNAs were prepared as descrnbed previously (4) . DNAs were digested with restriction enzymes (New England BioLabs), using conditions recommended by the supplier. The 5' ends of restriction fragments were dephosphorylated with bacterial alkaline phosphatase or calf intestinal alkaline phosphatase (Boehringer Mannheim) and then radioactively labeled by using [y-32P]ATP (Amersham) and T4 polynucleotide kinase (Bethesda Research Laboratories) as described by Maxam and Gilbert (18 F'g of total RNA was used for each sample applied to one gel slot. When no S. cerevisiae RNA was added, Escherichia coli tRNA (Boehringer Mannheim) was substituted. Digestion with S1 nuclease (Miles Laboratories) was carried out as described previously (2), and sonicated salmon sperm DNA was used as carrier in the final ethanol precipitation. Protected DNA fragments were analyzed on 0.4-mm-thick, 8% polyacrylamide-7 M urea sequencing gels.
Primer exteio. RNA and excess 5' end-labeled DNA primer were hybridized under conditions identical to those used for the S1 mapping experiments.
Poly(A)-containing RNA prepared from 15 to 30 tig of total RNA was used for each gel sample. The hybrids were recovered by ethanol precipitation, and the DNA primers were elongated with avian myeloblastosis virus reverse transcriptase (500 U/ml; Life Sciences Inc.) as described by Lamb and Lai (17) . Except where otherwise indicated, the extension reactions were carried out in 50 mM Tris-hydrochloride (pH 8.3), 10 mM MgCI2, 50 mM KCI, 5 mM dithiothreitol, 40 pg of actinomycin D per ml, and 500 pLM each of dATP, dGTP, dCTP, and dTTP for 1 h at 410C. After precipitation with ethanol, the products were analyzed on 8% polyacrylamide-7 M urea sequencing gels. Figure 1 shows the restriction map of the SUC2 gene and the map of its two RNA transcripts (4) . Nucleotide sequence analysis of the region near the 5' end of the gene was carried out on restriction fragments prepared from two plasmids, pRB58 and pRB118, according to the strategy indicated in Fig. 1 . Plasmid pRB58 carries a SUC2+ gene and pRB118 contains a subcloned segment of the suc2-215 amber allele (4) . Figure 2 shows the DNA sequence and the amino acid translation of the open reading frame within the region where the SUC2 mRNAs map.
RESULTS
Structural gene for invertase. To confirm that SUC2 is a structural gene for invertase, the amino acid sequence encoded by the SUC2 gene was compared with the partial amino-terminal sequence of invertase reported by Perlman et al. (22) . By analysis of invertase polypeptides translated in vitro from mRNA from a SUC2 strain, Perlman et al. identified 17 of the first 42 amino acids. Our inferred amino acid sequence agrees with their data at 16 residues (see Fig. 2 ). Our 3, 1983 I results differ in that the DNA sequence encodes serine at nucleotides +58 to +60, whereas they tentatively found leucine. Our sequence shows two methionine codons at the beginning of the coding region. We have assigned position 1 to the second methionine codon because the in vitro translational product begins with a single methionine residue and because comparisons with other S. cerevisiae gene sequences suggest that the second ATG is the initiation codon (see below) (8) . The agreement between the DNA sequence of our cloned SUC2 gene and the amino acid sequence of invertase establishes without question that SUC2 is a structural gene for invertase.
Signal peptide sequence. At the amino terminus of invertase, the amino acid sequence translated from the DNA sequence includes a core of hydrophobic residues and strongly resembles procaryotic and eucaryotic signal peptides (for review, see references 7 and 16). Perlman et al. (22) reported that an invertase polypeptide translational product synthesized in vitro contains an amino-terminal signal sequence of 19 amino acids that is cleaved during secretion in a cell-free system. The position at which they observed cleavage corresponds to the bond between the alanine and serine residues predicted by nucleotides +55 to +60 in the DNA sequence. Alanine frequently constitutes the residue on the amino-terminal side of signal peptide cleavage sites. The DNA sequence from +1 to +57 predicts the amino acid sequence of the invertase signal peptide.
Glycosylation site. The amino acid translation of nucleotides +67 to +75 is asparagine-glutamate-threonine. The sequences asparagine-Xthreonine and asparagine-X-serine are sites for glycosylation in eucaryotic proteins (14) , and secreted invertase is glycosylated at an average of nine sites on each of its two identical subunits (27) . Thus, it is likely that we have identified one of the glycosylation sites.
Incomplete signal sequence in smaller SUC2 mRNA. The sequence in Fig. 2 shows that the HindIII site at position +11 to +16 lies within the signal peptide coding region. The position of this site is significant because previous work indicated that the 5' end of the glucose-regulated 1.9-kb SUC2 RNA (encoding secreted invertase) extends to the left of this HindIII site (see Fig. 1) (4) . These studies also showed that the 5' end (or, possibly, a splice junction) of the 1.8-kb SUC2 RNA (encoding intracellular invertase) begins to the right of this HindIII site. In either case, the smaller RNA could not encode the complete signal sequence.
Mapping the 5' ends of SUC2 mRNAs. We undertook to define more precisely the 5' ends of the SUC2 mRNAs and also to investigate the possibility that splicing is involved in their synthesis or regulation. We used both the methods of Si protection mapping (2, 28) and primer extension with reverse transcriptase (3). In order that the mapping data would be directly comparable, both procedures were carried out by using restriction fragments that were 5' endlabeled at the RsaI site at position +141 to +144 (see Fig. 1 ). For Si mapping, an end-labeled fragment extending from this RsaI site past the 5' ends of the SUC2 RNAs to the next RsaI site was hybridized to SUC2 RNA and the portion of the fragment protected from Si digestion was determined. For primer extension analysis, the DNA fragment between the end-labeled RsaI site and the AvaII site at position +90 to +94 was hybridized to SUC2 RNA and used as a primer for elongation by reverse transcriptase. If a SUC2 RNA species has no splice located upstream from the labeled RsaI site, the DNA fragment protected from S1 digestion and the primer extension product should be the same size. If a splice is present, the Si-protected fragment should be smaller, as it should extend from the RsaI site only to the position of the first upstream splice.
Poly(A)-containing RNA from both glucoserepressed and derepressed yeast cells was used in these experiments. Glucose-derepressed cells contain both the 1.9 and 1.8-kb SUC2 RNAs, and glucose-repressed cells contain only the 1.8-kb SUC2 RNA (4). Figure 3 shows that RNA from glucose-derepressed cells protects from Si digestion a DNA fragment of the same size (approximately 180 nucleotides) as a primer extension product synthesized by using this RNA as a template for reverse transcriptase. Neither of these DNA species was observed when RNA from glucose-repressed cells was used ( Fig. 3  and 4 ). These data indicate that the 1.9-kb RNA encoding secreted invertase has no splice upstream from the RsaI site. The absence of any splice enabled us to map the 5' end of this RNA simply by determining the size of either product. The size of the primer extension product was determined by electrophoresis on a sequencing gel adjacent to sequencing reactions carried out on a restriction fragment end-labeled at the same RsaI site (Fig. 4) . The primer extension product migrates between the sequencing reaction products resulting from cleavages at the T residues at positions -41 and -42. Thus, the primer extension product probably ends with the guanine nucleotide at position -40 (see the legend to Fig.  4) (26) . This result means that the mRNA probably begins within one nucleotide of the cytosine at position -40 in the DNA sequence (Fig. 2) . The 5' end of the 1.9-kb SUC2 RNA thus maps ahead of the initiation codon for the signal sequence, and therefore this RNA contains cod- ing sequences for an invertase polypeptide with an amino-terminal signal sequence.
Primer extension experiments carried out with RNA from glucose-repressed cells resulted in several extension products (Fig. 4) . If the three major extension products are synthesized from unspliced RNA templates, then their 5' ends map at positions +50, +54, and +58. These same products were detected in the experiment using RNA from glucose-derepressed cells, which contain both the 1.8-and 1.9-kb SUC2 RNAs (Fig. 4) . In addition, several other products were detected, which may correspond to RNA species specific to derepressed cells or may result from premature termination by reverse transcriptase on the 1.9-kb RNA template. We were unable, for technical reasons, to characterize the 1.8-kb SUC2 RNA species by S1 protection mapping.
Alignment of physical and genetic maps. We previously constructed a fine-structure genetic map of SUC2 and showed that the suc2-215 mutation lies at one extreme of the map (Fig.  1A) (6) ; however, we did not know which end of the genetic map corresponded to the beginning of the gene. Most of the coding sequence shown in Fig. 2 (A) Extension products of the RsaI-AvaII primer were synthesized from RNA prepared from (a) glucose-repressed cells and (b and c) glucose-derepressed cells. Reaction conditions were as described in the text except that 0.01% Triton X-100 was added in (b). Products were electrophoresed on an 8% polyacrylamide sequencing gel along with sequencing reaction products from the RsaI-DdeI fragment (see Fig.  1 ), which was 5' end-labeled at the RsaI site. The sequence is that of the anti-sense strand, and the nucleotides are numbered as in Fig. 2 . The primer extension products are also the anti-sense strand. Arrows indicate the major extension products. (B) Autoradiograph of an 8% polyacrylamide sequencing gel used to determine the size of the major primer extension product synthesized from the 1.9-kb SUC2 mRNA. A sample identical to sample (c) described above was electrophoresed along with sequencing reaction products, also as described for (A). The extension product (indicated by the arrow) appears to terminate with the G residue at -40. The corresponding sequencing reaction product migrates faster because the sequencing reaction eliminates the 3'-terminal nucleoside and leaves a phosphate group (see Soliner-Webb and Reeder [26] for discussion).
suc2-215 amber mutation allows us to align the fine-structure genetic map with the physical map of SUC2, as shown in Fig. 1 .
DISCUSSION
We report the nucleotide sequence of the amino-terminal coding region of the SUC2 gene and its upstream flanking sequence. Comparison of the amino acid translation of the coding region with partial amino acid sequence data for invertase (22) confirms that SUC2 is a structural gene for invertase. An amino acid sequence with features characteristic of a signal peptide was identified at the amino terminus; studies by Perlman et al. (22) on the in vitro translation and secretion of invertase polypeptides had suggested that a 19-amino acid signal sequence would be found. These data, combined with our finding that the 1.9-kb RNA encoding secreted invertase contains the complete coding sequence for the signal peptide, strongly suggest that in vivo the secreted form of invertase is derived from a precursor containing a signal sequence.
The glucose-regulated 1.9-kb SUC2 RNA encoding secreted invertase and the unregulated 1.8-kb SUC2 RNA encoding intracellular invertase were previously shown to differ at their 5' ends (4). We proposed that the larger RNA encodes a signal sequence-containing precursor to secreted invertase and that the smaller RNA does not encode the complete signal sequence and is translated to yield intracellular invertase. The data presented here support this idea. The 5' end of the 1.9-kb SUC2 RNA was mapped to within one nucleotide of position -40, showing that this RNA contains the complete coding sequence for a signal peptide-containing precursor of invertase. The conclusion that the 5' end of the 1.9-kb RNA is at position -40, and not further upstream, is subject to the reservation that the Si protection and primer extension mapping techniques might be sensitive to secondary structure in DNA and RNA. It should also be noted that these methods do not prove that this 5' end corresponds to a transcriptional start; it is possible that the 1.9-kb RNA is produced from a larger precursor by removal of 5' terminal nucleotides.
Previous Si mapping studies (4) showed that either the 5' end of the 1.8-kb SUC2 RNA or possibly a splice site lies downstream from the HindIII site at position +11 to +16, which is shown here to map within the signal sequence. These data suggest, in accord with our model, that the 1.8-kb RNA cannot contain the complete signal peptide coding sequence. An inphase methionine codon which could serve to initiate translation of the intracellular invertase is found at position +61 to +63, just three nucleotides downstream from the putative signal peptide cleavage site. Comparison of the amino acid translation of the DNA sequence with the partial amino acid sequence of one of the invertase polypeptides translated in vitro (22) indicates that this methionine codon does indeed serve to initiate translation; this polypeptide contained glutamate, leucine, valine, phenylalanine, and methionine residues (shown in Fig. 2 ) at positions 3, 9, 10, 12, and 19, respectively (the initiator methionine was presumably removed). Our data are consistent with the idea that the 1.8-kb RNA includes this methionine codon and the downstream sequence.
Our efforts to map precisely the 5' end(s) of the 1.8-kb RNA were inconclusive. Several primer extension products were synthesized from the 1.8-kb RNA. If the RNA templates are unspliced, and all evidence indicates that the RNA encoding intracellular invertase is colinear with the SUC2 gene downstream from nucleotide +61, then the three major products terminate at nucleotides +50, +54, and +58. This result is consistent with the size difference between the 1.8-and 1.9-kb RNAs and the position of the 5' end of the 1.9-kb RNA at -40. We were, however, unable to confirm by SI mapping that these are the positions of the 5' ends. In our previous S1 mapping studies and in the current efforts, the fragments apparently protected by the 1.8-kb RNA were heterogeneous in size under conditions in which a discrete fragment was protected by the 1.9-kb RNA. We still do not know whether this result reflects real heterogeneity in the 1.8-kb size class of RNA or merely experimental difficulties. We are inclined to take this heterogeneity seriously, particularly since similar heterogeneity has been reported for other S. cerevisiae RNAs (10, 20) . Although we can draw no definite conclusions regarding the exact 5' ends of the 1.8-kb RNA species, it is in any case clear that this RNA does not encode a complete signal sequence. The 1.8-and 1.9-kb RNAs are regulated differently. The stable level of the 1.9-kb RNA is regulated in response to glucose concentration in the medium, as is the synthesis of secreted invertase (4) . In contrast, the stable level of the 1.8-kb RNA and the synthesis of intracellular invertase remain relatively constant. A variety of regulatory mechanisms can be suggested to account for these findings. The simplest is that the two RNAs are transcribed from different promoters and only the promoter for the 1.9-kb RNA is regulated in response to glucose. Our results are consistent with this idea, and we favor it as the most likely mechanism. The possibility that the stability of the 1.9-kb RNA (rather than synthesis) is regulated cannot be excluded; however, any mechanism for differential stability must be specific for the 1.9-kb RNA and not the 1.8-kb RNA. A class of models involving splicing is ruled out by our data showing that the 1.9-kb RNA has no splice near its 5' end. Another possibility is that transcription occurs from a single promoter and that the two RNAs are produced by differential processing of the 5' terminus of the transcript (perhaps by removal of nucleotides); any such model would, however, have to provide specially for both regulation of the level of the 1.9-kb RNA in response to glucose and production of a constant level of the 1.8-kb RNA.
Several interesting features of the nucleotide sequence can be noted. There are two ATG codons at the beginning of the structural gene (Fig. 2) . We have assigned the ATG at +1 as the initiation codon on the basis of in vitro translation data (22) and its sequence context. The sequence surrounding this ATG codon has features characteristic of a translation initiation region in S. cerevisiae (8) , which differs somewhat from those of other eucaryotes (15) . The adenine residue at -3 has been found in all S. cerevisiae genes examined, and the thymine at +6 is common to most S. cerevisiae genes. These observations support the assignment of the ATG at +1 (rather than the ATG at -3) as the initiation codon.
TATA-like sequences are located 120, 93, and 32 nucleotides upstream from the 5' end of the 1.9-kb RNA, beginning at positions -160, -133, and -72, respectively. The sequence TATA at position -6 is also upstream from the apparent 5' ends of the 1.8-kb RNA species. We do not know which, if any, of these TATA-like sequences is important for transcription of the SUC2 gene; however, computer-assisted comparison of the 5' flanking regions of SUC2 and the S. cerevisiae PHOS gene, which encodes secreted acid phosphatase, revealed that the sequence surrounding the TATAAATA element 93 nucleotides upstream from the 5' end of the 1.9-kb SUC2 RNA is homologous to the sequence surrounding the TATATAA element about 65 nucleotides upstream from the 5' end of the major PH05 RNAs (R. Kramer and G. Thill, personal communication). Comparison with the yeast alcohol dehydrogenase I gene shows that this region is also homologous to the sequence surrounding the TATAATA element 91 and 101 nucleotides upstream from the two 5' ends of alcohol dehydrogenase I mRNAs (1) .
Another feature of the 5' flanking region of the SUC2 gene is a pyrimidine-rich block between positions -68 and -48, followed by the sequence CAAG at -40. This structure (and its relative location) is common to a variety of S. cerevisiae genes (8) . Two other pyrimidine-rich blocks are found in the region upstream of the 1.8-kb RNA (at nucleotides -24 to -9 and +14 to +29), and the sequence CAAG is present at position +10. It is also of interest to note that the sequence from -300 to -1 has an open reading frame in the same frame as the invertase gene. An ATG codon is located at position -234. No RNA transcript containing this region was detected (4) .
A likely glycosylation site for the secreted invertase was identified from the amino acid translation of the DNA sequence. Nucleotides +67 to +75 encode asparagine-glutamate-threonine, which is known to serve as a site for glycosylation of eucaryotic proteins (14) . The secreted invertase is glycosylated at approximately nine sites per subunit (27) . The intracellular invertase is not glycosylated (11) , although these same sites are present in the protein. This finding is consistent with evidence that glycosylation is carried out during the secretory process (9, 14) .
The nucleotide sequence of the suc2-215 allele confirms directly that it is an amber mutation; previous identification of suc2-215 as an amber mutation was based on analysis of suppression patterns (6) . Comparison of the nucleotide sequence in the SUC2+ and suc2-215 alleles shows that the mutation is a G -C to A * T transition, which is a change commonly induced in S. cerevisiae by the mutagen used, ethyl methane sulfonate (23) . This interpretation is, however, subject to the following reservation. The SUC2+ gene in pRB58 was derived from a suc2-215 amber allele, probably by recombination between suc2-215 and another mutant allele (4) . It is thus likely that this SUC2+ gene is a wild-type allele, but we cannot exclude the possibility that the TGG codon is the result of reversion, rather than recombination, and therefore is not the codon at this position in a wild-type SUC2+ gene.
